Objective: Anorexia Nervosa (AN) is a serious disorder, with a mortality rate the highest of any psychiatric illness. It is notoriously challenging to treat and mechanisms of illness are not well understood. Reward system abnormalities have been proposed across theoretical models of the persistence of AN. Feedback learning is an important component of how reward systems shape behavior and we hypothesized that individuals with AN would show poorer learning from feedback.
can help clarify mechanisms that contribute to the persistent and entrenched nature of illness.
Abnormalities in reward systems are a common element in theoretical models attempting to elucidate the persistence and maintenance of this complex illness, even though the models differ in emphasis (Godier & Park, 2014; O'Hara, Campbell, & Schmidt, 2015; Walsh, 2013) . There is mounting evidence that neural processing of reward is anomalous in AN (Decker, Figner, & Steinglass, 2015; Frank et al., 2012; Wagner et al., 2007) and neuroimaging studies have found differences compared with healthy comparison participants (HC) in response to rewarding stimuli (both hyper- (Cowdrey, Park, Harmer, & McCabe, 2011; Wagner et al., 2007) and hypo-activation (Holsen et al., 2012) in fMRI). Additionally, it has been proposed that individuals with AN may experience "reward contamination," such that stimuli generally thought to be aversive are experienced as rewarding and vice versa (Cowdrey et al., 2011; Keating, 2010) . These studies suggest that reward processes differ in AN (as compared with HC), yet reward processing is a multifarious construct and the aspects of response to reward and learning from reward that may be abnormal are not well characterized.
Behavior is shaped through reward processing via learning from feedback. Through direct experience with the consequences of behavior, individuals learn from rewards and feedback to adapt choices in the future. Moreover, once learned, memories can be used to generalize to similar and overlapping contexts and guide responses to stimuli that have not been directly experienced (Shohamy & Wagner, 2008) . This raises questions about how maladaptive behavior forms and persists. It has been proposed that reward-based learning resulting in habit formation is central to the persistence of maladaptive eating behavior in AN (O'Hara et al., 2015; Walsh, 2013) : that is, restrictive food intake becomes a habit. Once established, the core behaviors of AN are remarkably resistant to change, even among those seeking treatment.
Individuals with AN have great difficulty learning new behaviors or changing maladaptive behaviors. In this way, individuals, once ill, seem impaired at learning from feedback. Additionally, stereotyped behaviors are thought to be responses specific to stimuli and are not easily applied in novel contexts. In contrast, generalization of learning from one context to another is important for normal, flexible behavior. Many maladaptive behaviors appear stereotyped and generalization of learning in AN merits further exploration. Furthermore, acutely ill patients with AN are also, by definition, significantly underweight and starvation itself may contribute to problems with reward-based learning (Carroll, France, & Meisch, 1981; Carroll & Meisch, 1980; Thanos, Michaelides, Piyis, Wang, & Volkow, 2008) . Reward based choices and neural reward systems have been shown to change with weight restoration in AN (Decker et al., 2015) , raising the question of whether learning from feedback changes with acute treatment and weight restoration. Multiple brain systems are involved in learning (Squire, 1992) , and the systems contributing to feedback learning and generalization have been dissociated both behaviorally and neurally (Myers et al., 2003; Shohamy & Wagner, 2008 ) using the Acquired Equivalence task-a learning task designed to measure both learning from feedback and the ability to generalize learning to novel contexts. In the Acquired Equivalence task, participants are first trained to learn associations between different images (stimuli) through feedback; participants are then tested on whether they have learned these associations and how well they are able to generalize what they have learned to new sets of associations (see Figure 1) . Previous studies comparing patients with striatal or medial temporal lobe damage have elucidated components of learning and memory processes, showing that feedback learning depends critically on the striatum, whereas generalization relies on the hippocampus (Myers et al., 2003; Shohamy & Wagner, 200) . The task has been used in populations with schizophrenia (Shohamy et al., 2010) , substance abuse (Mattyassy et al., 2012) , and Alzheimer's Disease (Bodi, Csibri, Myers, Gluck, Keri, 2009 ) to demonstrate learning abnormalities associated with psychopathology and neuropathology, and is therefore well-suited to test these learning mechanisms in individuals with AN.
In this study, we tested the main hypotheses that: (1) individuals with AN, as compared with healthy peers, show reduced feedback learning and (2) this persist after weight restoration. In addition, we explored the hypotheses that (3) individuals with AN have reduced generalization of learning, and (4) reduced feedback learning is related to severity of illness in AN.
| M E T H O D S

| Participants
Participants were individuals with AN and healthy comparison participants (HC) who presented to the Columbia Center for Eating Disorders (Table 1) . Eligible patients were between 16 and 45 years old, met DSM-5 (American Psychiatric Association, 2013) criteria for ANrestricting (AN-R) or binge-purge (AN-BP) subtype, and were receiving inpatient treatment at the New York State Psychiatric Institute (NYSPI).
HC were recruited through the community and were compensated for participation. Individuals were excluded if they had an estimated IQ < 80 (measured by Wechsler Test of Adult Reading; WTAR, Wechsler, 2001 ), a history of a neurological, bipolar, or psychotic disorder, or substance abuse in the last 6 months. Anxiety and depressive disorders were not an exclusion, as these commonly co-occur with AN (Hudson, Hiripi, Pope, & Kessler, 2007) . HC were group-matched for age, sex, and ethnicity and were included if they had no psychiatric or significant medical illness, no psychotropic medications, and had a body mass index (BMI) in the normal range (18-25 kg/m 2 ). This study was approved by the NYSPI Institutional Review Board, and after complete description of the study to the participants, written informed consent was obtained.
| Procedures
Diagnoses were established via Semi Structured Interview for DSM-IV (SCID; First, Spitzer, Gibbon, & Williams, 2002) , with the exception that amenorrhea was not required (consistent with DSM-5 criteria), and Eating Disorder Examination (EDE; Fairburn & Cooper, 1993 Fairburn, 2008) and Eating Disorder Inventory (EDI; Garner & Olmsted, 1984) . Three subscales of the EDI were examined-Drive for Thinness, Bulimia, and Body Dissatisfaction-as these three subscales are most relevant for AN psychopathology (Garner, Olmsted, & Polivy, 1983) .
| Neurocognitive battery
To assess global cognitive functioning, participants were administered a cognitive battery including the WTAR (estimated IQ) (Wechsler, 2001) , the Stroop Task (attention and cognitive control) (Golden, 1978) , Trail Making Test (TMT, attention) (Bowie & Harvey, 2006) , and Letter Number Sequencing (LNS; a working memory subtest of the Wechsler Adult Intelligence Scale-III (WAIS-III) (Wechsler, 1997) 
| Task
The acquired equivalence task (Shohamy & Wagner, 2008; Figure 1) was presented using Matlab (Natick, MA) and the Psychophysics toolbox (Brainard, 1997) . In the Learning phase, participants were presented with a face and two landscapes and learned which landscape the face "preferred" by trial and error (associative learning). Participants indicated by button press whether the face "preferred" the left or right landscape and received feedback (the word "Correct" or "Incorrect," Figure 1a ). The response window was 2.5 sec. Once a choice was made, the selected option was highlighted and remained on the screen until the end of the response window. Next, feedback was displayed for 1.5 sec followed by a 0.5 sec intertrial interval.
Eight face and eight landscape images were used. The associations between faces and scenes were structured such that two faces (F 1 , F 2 ) were paired with the same two scenes (S 1 , S 2 ). Four associations stem from this relationship: F 1 -S 1 , F 2 -S 1 , F 1 -S 2 , and F 2 -S 2 . Two additional faces were presented with the same scene stimuli, but with opposite preferences, so that no single scene was always a correct response.
Only three of the four associations were trained in the Learning phase . A face-scene pair was presented on each trial, followed by performance-dependent feedback. (b) The Learning phase was followed by a Test phase, where participants received no feedback and were asked to respond to both previously experienced (Trained) trials and novel untrained face-scene association (Generalized) trials. (c) The Learning phase had three event types: Individual associations shared overlapping features such that two faces always were associated with a common scene (i and ii), and one of those faces was also associated with a second scene (iii). A scene that was the incorrect choice for one face was the correct choice for another face, such that simple stimulus-response learning strategies could not support learning. In the Test phase, novel associations (iv, Generalized trials) were presented intermixed with trials that tested knowledge for previously trained associations (Trained trials) [Color figure can be viewed at wileyonlinelibrary.com] 
| Data processing and analysis
Clinical characteristics and neuropsychological tasks were compared using Student t tests for independent samples. Performance accuracy on the acquired equivalence task Learning phase was measured as the proportion of correct trials on each of four blocks of 24 trials. In the Test phase, proportion correct was averaged separately for Trained and Generalized trials. Because generalization of learning is limited by how well an individual has learned the trained associations, we also (Bakeman, 2005; Lakens, 2013; Olejnik & Algina, 2003) . For partial eta-squared small, medium and large effect sizes are 0.01, 0.06, and 0.14 respectively, whereas 0.02, 0.13, and 0.26 are suggested for generalized eta squared (Bakeman, 2005) . Sixty-two participants, 36 AN and 26 HC, were included in the analyses reported here (AN, restricting subtype n 5 19, AN, bingepurge subtype n 5 17; subtype comparisons are provided in the Supporting Information). The AN and HC groups did not differ in age, education, gender, ethnicity, and measures of general cognitive functioning (see Table 1 ). As expected, groups differed in BMI and psychological measures at Session 1. In the AN group, 11 participants had a comorbid diagnosis. Seven participants had an anxiety disorder (2 specific phobia, 3 social phobia, 4 PTSD, 1 OCD, 1 panic disorder), three had a depressive disorder (2 MDD, 1 dysthymia); some participants had multiple diagnoses. Four participants were taking antidepressant medication (SSRI or SNRI) and one was taking a benzodiazepine.
| R E S U LTS
| Learning phase
Performance across the learning phases was examined in a 2 (Session 1/Session 2) 3 2 (HC/AN) 3 4 (Block) repeated measures ANOVA. Figure 2a , patients with AN and HC performed similarly at the beginning of learning, but the AN group improved less than HC. There were no effects of Session or interactions with Session (ps > 0.14), suggesting that the decreased feedback learning in individuals with AN was present both before and after treatment.
| Test phase
In the Test phase, performance was compared between trials in which the associations had been experienced directly in the Learning phase (Trained, Figure 1 ) and novel trials in which generalization to new pairs was required (Generalized) using a 2 (Session 1/Session 2) 3 2 (HC/ AN) 3 2 (trial type: trained/generalized) mixed ANOVA (Figure 2b ). Our results come from a behavioral task, and do not directly assess brain function. Nonetheless, the findings are consistent with other studies that have investigated forms of striatal-based learning in AN (Firk et al., 2015; Lawrence et al., 2003; Shott et al., 2012) . Additionally, previous studies using the Acquired Equivalence task in patients with
Parkinson's disease, who are known to have striatal dysfunction, have shown a pattern of learning impairment similar to that seen in the present study (Myers et al., 2013) , suggesting that striatal function may be impaired in AN.
Functional neuroimaging studies in AN also suggest striatal abnormalities. In one study, individuals with AN showed equivalent striatal response for receipt of monetary gains and losses during a card guessing task (Wagner et al., 2007) . In a study of temporal discounting, individuals with AN showed decreased striatal activity when choosing delayed rewards before treatment, and increased striatal activity after treatment (Decker et al., 2015) . These studies and others like them measure neural systems directly, yet do not assess learning and therefore do not assess how feedback and rewards may be used to shape behavior. Our results suggest that the fronto-striatal abnormalities found in prior studies may have consequences for learning, and thereby for behavior, and that these do not improve with short-term weight gain. In contrast to the compromised feedback learning, and counter to our hypothesis, we found that generalization processes thought to rely on the medial temporal lobe (hippocampus) were intact both before and after weight restoration. This finding is consistent with a study by Lawrence et al. (2003) , who used a learning task sensitive to striatal dysfunction and a memory test sensitive to medial temporal lobe damage in a small sample of individuals with AN, tested while underweight, and found a dissociation between learning thought to depend on the striatum versus the medial temporal lobes. Here we find that this pattern remains after weight restoration. While hippocampal volume abnormalities have been demonstrated in AN (Burkert, Koschutnig, Ebner, & Freidl, 2015) , such abnormalities may not be associated with changes in cognitive function (Connan et al., 2006) . Thus a host of neural changes may accompany AN, but it is critical to link neural changes to relevant cognition and behavior.
If feedback learning is indeed compromised in AN, a central question is, how is this related to maladaptive behavior in AN? We have proposed that persistent maladaptive restrictive intake is related to overlearned behavior and related to habit mechanisms (Foerde, Steinglass, Shohamy, & Walsh, 2015; Walsh, 2013) . The maladaptive, yet very effective, learning that may occur when establishing AN appears paradoxical in light of our finding of decreased feedback learning. One possibility is that maladaptive behaviors may be established during a developmental window of learning sensitivity. For example, adolescence, a time when maladaptive eating behavior is most commonly established (Treasure, Stein, & Maguire, 2012) , also represents a time of accelerated learning. Hypersensitivity to reward in adolescence has been established across many studies (Casey, Getz, & Galvan, 2008) , and a recent study demonstrated enhanced learning from feedback during adolescence (Davidow, Foerde, Galvan, & Shohamy, 2016) . If so, it may be that adolescence is a window during which it is very easy to acquire new behavioral patterns. However, the learning mechanisms supporting this learning may change as a result of normal development (aging). Or, perhaps having AN affects neurocognitive processes such that feedback learning worsens the longer an individual is affected by illness, making it increasingly difficult to overcome maladaptive behavior. Our data lend some support to the idea that illness may affect learning by showing a potential relationship between reduced feedback learning and duration of illness. Although duration of illness and age are highly related, the absence of an association between age and feedback learning in HC compels further consideration of this relationship in AN. In particular it will be important to assess learning across a broader range of illness duration paired with a broader range of illness onset to disentangle the contributions of illness and age. 
| Limitations and future directions
This study found that individuals with AN had reduced learning from feedback relative to HC, in the absence of impairment in ability to generalize from what had been learned. This is consistent with rewardbased models of AN (Godier & Park, 2014; O'Hara et al., 2015; Walsh, 2013) . To better evaluate these models, this finding needs to be replicated in other samples of individuals with AN, and the link between feedback learning and eating behavior needs to be examined.
Additionally, tasks that include losses would allow for better evaluation of learning impairment related to negative feedback that cannot be distinguished in the acquired equivalence task.
Data from the current study need to be considered cautiously in light of the following limitations. Menstrual cycle influences on learning (Diekhof & Ratnayake, 2016) were not controlled for. It would be beneficial to assess feedback learning after more long-term recovery and restoration of menstrual cycle has occurred and to study participants during the early follicular phase. Additionally, the finding of decreased performance in the Learning phase represented a small effect, and the association with duration of illness did not survive correction for multiple comparisons. These findings, therefore, warrant further study to replicate the findings and test the hypothesis that there is a relationship with chronicity of illness.
In this initial study of feedback learning before and after treatment, we aimed to examine an inclusive and representative clinical sample of individuals diagnosed with AN. As a result the sample is heterogeneous. Studies of more homogeneous samples, or with larger samples would be needed to test hypotheses about subtypes of AN.
Further consideration should also be given to the role of comorbid depression and anxiety in learning impairments. Previous work examining similar learning in patients with Parkinson's disease found particular learning impairments in those with depressive illness (Herzallah et al., 2010) . Individuals with AN in the present study were significantly more depressed and anxious, as measured with the BDI and STAI, than HC (Table 1) . BDI and STAI scores improved with treatment, whereas learning performance did not. In AN, anxiety and depression are likely tightly linked with overall illness severity, and in this sample BDI and STAI were both positively correlated with EDE-Q Global (BDI: 
